The trigger systems of the CERN LHC detectors play a crucial role in determining the physics capabilities of the experiments. A reduction of several orders of magnitude of the event rate is needed to reach values compatible with the detector readout, offline storage and analysis capabilities. The CMS experiment has been designed with a two-level trigger system: the Level 1 (L1) Trigger, implemented on custom-designed electronics, and the High Level Trigger (HLT), a streamlined version of the CMS reconstruction and analysis software running on a computer farm. Here we will present the design and performance of the main muon triggers used during the Run I data taking. We will show how these triggers contributed to the 2012 physics results. We will then present the improvements foreseen to meet the challenges of the Run II data taking. We will discuss the improvements being made at L1, and at various stages in the HLT reconstruction, ranging from the local drift tube and cathode strip chamber reconstruction, to L2 muon tracks, to the final L3 muons.
Introduction
The CMS muon system consists of Drift Tubes (DTs), which cover |η| < 1.2, Resistive Plate Chambers (RPCs), which cover |η| < 1.6, and Cathode Strip Chambers (CSCs), which cover 0.9 < |η| < 2.4. All three muon subdetectors are used in the CMS trigger. The CMS trigger consists of the Level 1 (L1) Trigger, which is hardware based and uses the muon detectors only, and the High Level Trigger (HLT), which is software based and uses the muon, calorimter, and tracker detectors.
At the HLT, there are two main steps in the muon reconstruction. The first is the Level 2 (L2) muon reconstruction, which builds tracks in the muon system, and the second is the Level 3 (L3) muon reconstruction, which builds full tracks from the L2 muon tracks and the tracker information.
The L2 reconstruction starts by building seeds from patterns of DT and CSC segments. Then, the reconstruction of a track is started from these seeds, using measurements from all of the muon chambers. Finally, filters on the track quality, η, and p T of the L2 muons are applied in order to reduce the rate.
The L3 reconstuction builds full muon tracks from the muon system and the tracker. The L3 reconstruction starts by building a seed for the tracker reconstruction, starting from the L2 information. Then, the tracker track is reconstructed. Finally, the tracker track is matched to the L2 muon. Different seeding algorithms are tried in the L3 cascade algorithm (see below). Furthermore, filters on the track quality, η, and p T of the L3 muons are applied in order to reduce the rate.
Muon triggers require one or more candidates (Single Muon Triggers) or two or more candidates (Double Muon Triggers) and use isolation, good track quality, good vertices, and other requirements in order to select muons. Isolation can be measured by searching for tracks and calorimeter deposits in a cone around the L3 muon. Figure 1 shows the efficiency of HLT Mu40, the unprescaled, non-isolated muon HLT path with the lowest p T threshold used in the 2012 run. This HLT path requires at least one L3 muon with a p T of 40 GeV. The efficiency is computed with the Z resonance tag and probe method. The efficiency is computed with respect to muons that pass the tight identification criteria described in [1] and have a p T of at least 45 GeV. In addition, for the muon p T plot, the muon is required to be within |η| < 0.9, and for the number of primary vertices plot, the muon is required to be within |η| < 2.1.
Run I Single Muon Triggers Performance

Improvements for Run II: LMuon Triggers
In preparation for Run II, a number of improvements were made to the muon triggers. In particular, improvements were made to the L3 muon trigger algorithms. This was done in order to recover the efficiency loss for L3 muon triggers at high pileup (PU). The efficiency at high PU was improved by implementing changes in the so-called L3 cascade algorithm.
In essence, three algorithms are tried in "cascade", from the fastest to the most CPU-consuming one, until a L3 track is found. In the default version of the L3 cascade algorithm, the sequence stops as soon as a L3 track was built. However, it is possible that an algorithm of the cascade can build a track that fails the final set of cuts applied at the end of the L3 reconstruction, but the next algorithms might do better. Therefore, the L3 cascade algorithm was improved by filtering on quality cuts in each algorithm of the cascade, before the tracker track is matched to the L2 muon. Furthermore, the L3 reconstruction configuration was also improved in order to increase the efficiency at high PU independently from the requirement of quality cuts within the L3 cascade. For example, the criteria to define compatibility of hits with a given trajectory at the track building stage was changed from the one used in 2012 to one more robust against PU. Figure 2 shows the efficiency of the L3 step, before and after the cascade algorithm improvements, using W→ µν simulated events. The efficiency for the L3 cascade step, before and after the cascade algorithm improvements, as a function of the number of offline vertices. The denominator is the number of generated muons matched with a L2 track and passing the HLT quality cuts. The numerator is the number of generated muons as above, that also match a L3 track passing the final L3 muon filter quality cuts and whose tracker track component has > 75% hits shared with a simulated muon track.
The trigger rates do increase slightly, when moving from the 2012 configuration to the proposed improvements for 2015 with the quality cuts. The rate of HLT IsoMu24 increases by 4.3%, and the rate of HLT Mu40 increases by 6.8%. This rate increase is expected, as the efficiency is improving, and furthermore, it was deemed acceptable for data taking in 2015.
Improvements for Run II: Muon Triggers Isolation
Another major improvement for 2015 data taking was the isolation improvement in muon triggers. We will first discuss isolation in single muon triggers, and then we will discuss isolation in double muon triggers.
Single Muon Isolation
The single muon trigger isolation was improved in order to recover the efficiency loss at high PU and to reduce the CPU time. This was done by optimizing the PU mitigation and tracking configurations. The efficiency is computed with respect to reconstructed muons that pass the tight muon identification and loose muon isolation as described in [1] . Futhermore, the muon must have at least 25 GeV in p T , |η| < 2.1, and be matched to HLT IsoMu24 eta2p1. (Right) The invariant mass distribution for muons passing the isolated and non-isolated versions of HLT Mu17 Mu8.
Double Muon Isolation
Loose tracker isolation was introdued in the double muon triggers in order to reduce the rate of these triggers. The efficiency of the triggers remained at greater than 99%, using the definitions of "loose" and "tight" muon identification described in [2] and [3] , while the rate was reduced by 44%. Figure 3 (right) shows the invariant mass distribution for muons passing isolated and non-isolated double muon triggers. The efficiency in the Z peak is maintained with the introduction of isolation, but the rate is reduced for low mass events.
Conclusions
The performance of the CMS muon triggers in 2012 was presented, along with the possible improvements for 2015.
